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1 .0 SUMMARY 


This study program was conducted to obtain a sound theoretical 
understanding of and a valid analytical method for predicting 
the performance of porous plate water boilers. 

In the first of the four phases into which this program was 
divided, several model configurations were studied theoretically 
to provide the guidance for the comprehensive exploratory 
investigations to follow. Test equipment was designed and 
constructed and the experimental work was begun. 

During Phase H, experimental efforts were directed towards 
establishing and identifying Idle cooling modes. These were 
identified as: 1) evaporation mode} 2) sublimation mode and; 

3) mixed mode'. The first two of these, which had been postulated 
previously in Phase I, were thus confirmed. Existence of the 
mixed mode, conristing of simultaneous operation in modes one 
and two, was discovered. Analytical methods were developed for 
predicting the performance in each of these modes and correla- 
tion of these results shoved the importance of understanding the 
flow characteristics of the porous plate when discharging to 
vacuum ambients. 

An experimental investigation of porous plate characteristics 
was conducted in Phase III, covering the heat flux range of 
operation to be encountered in current applications. As an 
addition to the original planning, the performance with time of 
porous plates made from sintered nickel particles was investigated 
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1 .0 Continued . 

and the cause of a performance degradation was established. 

Modules representative of forthcoming applications for cooling 
of transport fluids were investigated in Phase IV in contrast 
to the electrically heated modules used in the earlier phases. 
Pull use was made of the previously developed theory to guide 
this phase of the work. Four different modules were designed 
to focus on specific technical issues which might be peculiar 
to fluid heated units. 

Work accomplished in Phases I through III has. been compre- 
hensively covered in previously submitted reports HSER 29**2, 
HSER 2997, HSER 3183 , and HSER $3lh. The work done in Phase IV 
is covered by this report and detailed discussion of the 
important findings of the earlier phases is also included . 
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2.0 CONCLUSIONS 

This program achieved its principal objective of defiling the 
cooling mf chartisms and developing a method for predicting the 
performance of porous plate water boilers. Performance calcu- 
lation methods developed previously were successfully applied 
to a transport fluid heated module of conventional design. The 

primary conclusions drawn from the results of the program are 

/ 

as follows: 

1) Mixed mode operation will be encountered in most current 
applications. 

2) Pore size distribution is significant in the mixed mode 
requiring that tae utmost care be used to define and to select 
suitable material. Flow and bubble point test.* may have to 
be augmented to obtain adequate definition of a suitable 
plate. 

3) Performance required fcr present missions can be met. How- 
ever, the potential for pore blockage must be dealt with during 
design; in particular, allowance roust be provided for the 
tendency of nickel plates in contact with water to form 
nickel hydroxide and hydrated nickel oxide. 

U) Water retention of currently available sintered metal 

particle plates -is insufficient to withstand feed pressures 
being considered for space vehicle applications (5-6 psia) 
when the ambient pressure is above the triple point pressure. 
Mixed mode operation is necessary to pi vide freezing in the 
larger pores and thereby prevent breakthrough and water 
carryover. 
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2.0 Continued 

) The u.-.ch.*nism of liquid breakthrough has been defined; 
however, its prediction requires a detailed knowledge of 
the pore size distribution and wettability of the porous 
structure. 

e 

6) Porous plate design must include consideration for^ts structural 
requirements imposed on plate areas by handling, manufacturing 
and the operational environment. 

7) Performance was not degraded by brazing fins to the porous 
plate and blocking some of the pores. 
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^COKKSIfDATIONS 


An investigation of other potentially suitable porous plate 
structures besides sintered metal powders is iccomroended. 

From the theory developed in this report other mat rials and 
pore structures can be expected to .exhibit adequate ability to 
satisfy thermal requirements. Such an evaluation might show 
that a change in material or structure would give, improved 
performance for less weight and for longer mission cycles. 


Alternate materials and surface treatments offer potential 
advantages to operation in the evaporation mode. Ibis mode 
was shown to exist at high heat fluxes where a correspondingly 
gh sick temperature exists. *"0 make use of this mode, higher 
fluid retention pressures are required but surface properties 
and pore size control these pressure levels. Thus an increase 
in the scope of materials engineering work could be beneficial 


and additional studies in this area are recommended. 
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introduction £ 

It is common rractice to transfer heat from a heat source — 
such as. personnel or electronic equipment — to a transport 
fluid, anc convey this fluid to a convenient location where the 
he a' is . r.r. . In an adaptation of this concept peculiar to 

space vehicles, the ultimate discharge of heat to space vacuum 
is accomplished by means of a porous plate boiler, which is a 
unique device for the full utilization of the heat of sublimation 
and/or evaporation of a pure substance. This. device is ideally 
suited for short space missions where an expendable fluid, such 
as water, can be used for cooling. No flow control or valve is 
needed to modulate the coolant flow from a pressurized supply 
tank because it is self -regulating with heat dissipation re- 
quirements. Various configurations of the device can be used, 
depending on the cooling required. Figure 1 shows one configuration 
which has been used for cooling a transport fluid, the construction 
of which is tynical of compact heat exchanger designs for aero- 
space apDlications ; The expendable fluid section of this device 
is the portion on which the efforts of this investigation were 
concentrated. This section comprises a porous plate, a finned 
fluid passage, and the necessary headers. 
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The design function of the porous plate water boiler is to 
provide cooling by expending a medium at a suitable temperature 
level. The fluid expended is discharged to the surrounding ambient 
as a vapor, at a temperature level determined by the saturation 
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li.O Continued. 

pressure characteristics of the substance used. Water exhausting 
to a vacuum v >)-500 Eg) was used as the working substance and 
ambient pressure for these investigations, but the device is not 
limited in this respect. The only requirements are that it must 
be possible to feed the substance to be expended into the boiler in 
a liquid soate, and the ambient pressure must be suitable for 
evaporating or sublimating the fluid. The primary factor in 
determining the usefulness of a particular substance in a given 
application is the sink temperature — the temperature of this 
substance at the sublimation/ evaporation interface — produced in 
conjunction with the surrounding ambient. It is this sink level 
that provides the potential for heat transfer from the transport 
fluid or heat source and thus defines the heat rejection capability. 
While the ultimate sink temperature is related to the ambient pres- 
sure, it was found in the early phases of development of this device 
that, because a vapor pressure drop existed due to the porous plate, 
the low temperature corresponding to the ambient pressure (vacuum) 
was not available as a sink. 

The basic objectives of this investigation were a theoretical 
understanding of the mechanism by which cooling is produced, and 
a definition of the operating limits, porous material characteristics, 
and configurations suitable for cooling a transport fluid in space 
vehicle applications. It was found that there are two basic 
mechanisms by which evaporative cool ing can occur when a porous 
plate is used in an expendable mass cooling device to separate 
the phase change substance from a lower pressure ambient. 
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b .0 Continued . 

The two 'basic mechanisms were appropriately named hne evaporation 
and sublimation mechanises for the types of phase charge involved. 
As might be expected, the particular characteristics of each 
mechanise are strongly dependent on the pore size . Since the ~ 
pore size for most -porous materials is nm-u. iform it is possible 
to have the device opera'-ing under both ok sianltaneoualy, 

and this is, referred to as the mixed mro~~ The fallowing dis- 

“ — __ - . r ” _ * i 

cussionsvill show haw it is possible for these two mechanisms . 
to exist by themselves or simultaneously depending on 1 the porous 
structure andoper&ting conditions." , v-‘ 
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DISCUSSION OF COOLING MODES 


Sublimation Mecha^lsiL 


The sublimatior. vinism is characterized by a layer of ice on 
the inside face of the porous plate, which' prevents liquid from 
passing into the. piste and escaping to the ambient. The exist- 
ence of this ice -layer is determined by a combination of the 
vapor pressure drop characteristics of the porous plate and the 
heat flux or vapor f'.crr rate. When the vapor pressure drop of 
the porous plate is less than the triple point pressure indicated 
by. the equilibrium diagtam for the expendable substance {Figure 2) 
Hue phase, change must be from Hie solid directly to the vapor . r 
by sublimation of -the ice layer. The thicfcneag of the 
ice is governed by the rate Of heat transfer and the sublimation 
temperature corresponding to the local vapor pressure at the inlet 
face of the. porous plate. It can be shown that normal operating 
pressure differentials across the porous plate and ice layer are 
Insufficient to extrude the ice into Hue pores and thus the ice 
forms a barrier to liquid flow into the pores. In order to . 
accommodate the heat transfer requirement the ice sublimates at 
the porous plate face and freezes at a corresponding rate at 
the liquid interface. The ice therefore flows somewhat in the 
manner of a glacier toward the porous plate, but at an extremely 
slow rate while serving as a heat conduction media. This was 
actually observed by following gas Inclusions in the ice 

during visual teats of operating modules. 
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3 .1 Continued . 

For reasons explained in a later section it is necessary to measure 
the vapor flow characteristics in order to determine accurately 
the pressure drop across most porous plates. Through testing and 
analysis it was found that these flow tests must he run at true 
operating exit pressures ho cause the flow is free molecule in 
nature and continuum flow does not apply. Through the use of 
these flov characteristics (Figure 3 ), the solid-\apor equilibrium 
data for water (Figure 2), and the heat transfer equations pre- 
sented in a later section, theoretical performance has teen 
correlated accurately with test data for the subl 1 nation mechanism 
described here — ~ / 



If the input heat flux is increased, the -vapor pressure drop 
c across the porous plate increases causing the sublimation tempera- J 
ture to rise accordingly. This results in a reduction in the ice ; 

1 t * / ‘ w ' ' - - 

layer thickness in order to satisfy the heat conduction require- 
ments. Eventually the ice layer will disappear completely when 
the heat flux, is sufficient to cause the vapor pressure at the 
inlet face of the porous plate to he greater than the triple point 
pressure. It is at this point that the evaporation mechanism 
be gi ns to occur. However, if the pore size distribution is non- 
uniform, the heat flux at which this transition occurs will vary 
with location on the plate due to inequalities in vapor pressure 
drop, resulting in mixed mode operation. 
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5.2 Evaporation Mechanism 

With the evaporation mechanism, the phase change occurs at pres- 
sure levels above the triple point. The absence of a solid ce 
layer to prevent liquid from passing through the porous plate 
requires that some other mechanism retain the liquid if supply 
pressure to ambient pressure differentials are to be greater 
than the vapor pressure drop. It was found that surface tension 
supplies the necessary restraining force for preventing liquid 
from passing through the porous plate. The bead of liquid which 
a pore can retain by surface tension is inversely proportional to 
the equivalent, radius of the restriction. Thus, in sintered 
metal powder plates, liquid enters the pores until the integrated 
restrictive force balances the pressure differential. If the pore 
size is too large to support the water feed pressure, breakthrough 
of liquid will Occur when the input heat flux prevents operation 
in the sublimation mechanism. The surface of the meniscus formed 
by the liquid restrained in the porous plate is exposed to the 
lower pressure ambient allowing evaporation to satisfy the heat 
rejection requirement. Similar to the sublimation mechanism, the 
evaporation temperature is governed by the vapor pressure drop 
of the porous plate in conjunction with the liquid-vapor 
equilibrium pressure characteristic of the coolant. 

Theoretically, if the porous plate were composed of straight 
unrough pores of constant cross section in a hydrophobic combina- 
tion, analytical performance predictions could be made . With 
this idealistic porous structure the meniscus would restrain 
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the liquid at the pore inlets and the entire plate thickness 
would represent a known or measurable resistance to vapor flow. 
Under these conditions the vapor pressure at the phase change 
could be used to obtain the evaporation or sink temperature frost 
vapor-liquid equilibrium data. Standard heat conduction across 
the liquid layer would then complete the analysis for perform- 
ance. However, because the liquid is restrained at some unde- 
finable depth in sintered powder plates, it is not possible to 
predict the vapor pressure, and, therefore, analytical perform- 
ance predictions for this mechanism can be expected to be difficult 

- * 

and to require empirical data. 


Mixed Mode 

Increasing input heat flux will cause a direct transition from 
the sublimation mechanism to the evaporation mechanism if the c 
pores are regular and uniform and sufficiently small for surface 
tension to prevent liquid breakthrough. However, porous plates 
suitable for fabricating full sized units contain a random 
distribution of pores with respect to both size and shape causing 
an operating region which has been called the mixed mode. The 
point of transition for any single pore is dependent on its equivalent- 
radius and ultimately the vapor pressure drop produced by the pore. 

In the mixeu mode of cooling, phase change occurs at local tempera- 
tures above and below the triple point depending on the local pore 
geometry. As a result of a distribution of pore sizes an averaging 
effect exists and if the plate is of reasonable thermal con- 
ductivity the effective plate temperature has been found to 
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remain constant and very near the triple point for a wide range 
of heat fluxes. The cooling requirements of current space 
vehicle applications are at a level corresponding to this mixed 
mode, permitting design calculations to be based on a triple 
point sink temperature. 

The mixed mode of cooling is unique in that a vide range of porous 

• ■/ 

structures will exhibit the same heat rejection capability. The 
smaller pores are the first to undergo the transition from the 
sublimation to the evaporation cooling mechanism since they pre- 
sent the highest vapor pressure resistance. This is quite 
c fortunate because these smaller pores are more capable of retain- 

ing liquid behind the porous plate by surface tension, while the 
larger ones remain plugged by ice. It is this order of events 
which allows operation in the mixed mode over a vide range of 
heat fluxes with liquid, supply pressures higher than the water 
retention capability of the largest pore . 
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'.0 SELECTION OF POROUS PLATS 

A wide variety of porous materials is available, and from thermal 
considerations , many of these may be practical. This study was 
primarily directed towards defining the pertinent thermal 
mechanism so that mission and manufacturing requirements can 
be evaluated in terms of their effect on performance. It is 
felt that the most valuable presentation on the selection of a 
porous plate is one that gives information in terms of the plate 
characteristics rather than one which attempts to talk in terms 
of specific mission requirements. Guides to the selection of 
porous plates will be discussed unde" two broad categories; 

Porous Structure and Material. 

6.1 Porous Structure . - 

. The performance of the porous plate is primarily influenced by 

the holes,, their number, dimensions and shape. Only regularly 
shaped holes are amenable to explicit analytical treatment. = 
Few actual materials can approach the regularity desired for 
analytical treatment; these are generally of glass or plastic 
material and present fabricating and compatibility problems. 

At the inception of this investigation only sintered article 
plates were available in materials considered immediately 
suitable for use in compact heat exchanger designs. These have 
distressingly irregular hole sizes and configurations. The 
experimental portion of this investigation was generally confined 
to tests of these plates where average properties were varied, 
to show if the analytical treatment of regular holes could he 
applied to the average hole characteristics of real plates. 

MS 11*42 A 7/« 1 I 
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6.1.1 Pore Geometry — Three readily discernible categories appear. 

Pores of extremely uniform size and regular shape can be found 
in some glass filter materials . Very uniform but rather irregularly 

shaoed pores can be found in impregnated fiberglass material. In 
the third category fall the non-uniform and irregular sized pores 
of the sintered particle metallic plates. This third category has 
received the bulk of the effort in this study. There is a con- 
tinuing conflict between the convenient description of these plates 
and items of interest concerning thermal performance. Were it con- 
venient to measure hole size, number, and distribution explicitly, 
it w^old be a far simpler task to express the performance^ of a plate. 

[When spherical particles are uniformly arranged, the hole size, 
shape, and number of holes can be explicitly defined. Also, the 
porosity is a function of the arrangement rather than the si*e of 
the particles. Figure h gives a visual illustration of some of the 
possible regular arrangements. Though sintered particle plates 
are formed from essentially spherical particles, the fabricating 
process of rolling sintering and particle size variation produces 
c a plate whose properties can be defined only by measurement of 
gross parameters; such as flow, density, etc. 


3efore indicating what measurements are practL al, it appears 
desirable to consider the hole characteristics that appear 
meaningful in the analytical treatment. First, open area is 
important: therefore, it is desirable to maximize the number of 
holes. Then the equivalent diameter of a hole is important 
as this influences the ability of surface tension forces to 
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6.1.1 Continued. 

withstand a feed pressure. This puts an upper limit on the hole 
size. The third item of interest is the flow characteristics. The 

1 

path length *uid cross section are the primary geometric factors of 
interest. In the modes of operation where flow is imp^rt^nt it is 
desirable to minimize the pressure loss. The length must be mini- 
mized and the sectional area maximized. These characteristics 

j 

. 

point toward a fixed uniform hole size. However, the realities of 

porous plate construction require a balance to be achieved between 

- 

increasing the number of pores and adjusting the diameter. In view 

of the strong dependence of the plate properties on the manufacturing 
process — the features of which are of a proprietary nature — it 
is very desirable at this stage in the development to concentrate 

j 

on measurable characteristics of the porous plates. 


Based on the theories developed in this study, it should be possible 
to establish upper and lower limits on the vapor flew characteristics 
of the porous, plates to be used for a particular cooling application. 
These limits can then serve as a specification along with the Water 

retention pressure when manuf ac turiiig porous plate water boiler*. 

The upper flow limit is established by the pore size dictated by 
water retention requirements and the plate porosity or void fraction. 
The heat rejection requirements establish the lower flow limit and 
the pressure drop across the porous plate for both flow limits. 

Hole size is a more difficult quantity to obtain. Observing 
the surface under suitable magnification shows only void space 
at one level which is inherently different from the inner 
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^ 6*1 .1 Continued 

layers. No direct measurements of hole size are possible. 

However, the maximum size hole and an estimate of its size can be 
conveniently made by running a bubble point test, which is explained 
:.n Appendix D. In addition, a qualitative distribution of the holes 
is apparent. Uncertainty in the distribution of the various hole 
sizes still presents a problem in. uniquely specifying sintered 
particle porous plate Kith bench type qualification tests* 

6.2 Material 

Several material properties influence the selection of .material . 
for porous plates, including, but not necessarily restricted to, 

_ thermal conductivity, corrosion, wettability, strength, vacuum 
stat llity, and fabrication compatibility. The ilrst three were 
given explicit attention in this study. The others arm of lesser 
importance, but 3t±ll significant, as we found in our attempts 
to form the transport fluid modules of Phase 17. 

6.2.1 Thermal Conductivity — Conduction is the prime mechanism by 
which heat is transferred to the sublimating evaporating inter- 
face. In the sublimating mode the analysis places the interface 
at the interior s- ^face of the porous plate, and in this case 
thermal conductivity of the plate should have little effect. 

It can be postulated that the interface is at some undefined 
j plane 1 insiae the plate in the mixed and the evaporative modes 




of operation, and that in these cases heat conduction within the 
plate 3hould be important. Metallic porous plates, varying in 
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6.2.1 


6.2.2 


I 

i 


Continued 

thermal conductivity over a 25-1 range, were tested, and the 
•esuits confirmed our first hypothesis that in the sublimation 
mode plate conductivity was unimportant. However, the results 
of these tests implied that this is also true for the mixed mode. 

The evaporative mode was beyond the range of our test set-up. 

Corrosion Resistance — The corrosion problem was investigated 

with respect to nickel porous plates since these plates were 
currently being used in development units for proposed space 
exploration vehicles. It was found that when a nickel porous 

plate is exposed to water a non-sealing layer of nickel hydroxide 
continues to form on »n exposed plate surfaces. It was additionally' 
found that if the nickel plates have prior oxide build-up, exposure 
to water will result in the formation of some hydrated : nickel oxide 
as well as the nickel hydroxide. A substantial volume increase 
occurs with time in the surface film as a result of these reactions, 
closing a large number of the smaller pores and eventually reducing 
the heat rejection capability of the device.*’ ~- 

In the investigation where this problem was identified, three 
potential causes of degradation were examined by exposing three 
i entical nickel porous plates to test water in three different 
ways, in an effort to isolate the cause of deterioration. 

One plate was run continuously for 100 hours, exposed 


* The specific gravity of nickel compared to the various forms 
of corrosion is a measure of the volume change. The specific 
gravities are: % ■ 8.90 %(0H) ■ U.l 

Ni 0 - 7.U5 Ni 0H 2 2 0 - U.l 
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6.2.2 Continued 

to the normal operating conditions and presumably to all 
potential causes of degradation. A second plate was force 
flushed with the equivalent amount of water tu show if entrained 
organic or inorganic solids caused the degradation. A third 
plate was soaked for the same period without evaporation to 
show if bacteria growth or reaction with water causes degradation; 
these alternatives could be .dentified by subsequent analysis 
of the plate. 

Performance checks and porous plate characteristics measure- 

7 ments were mace on these plates before and after, exposure, and 

: - < 

the results are presented in Tables 1 and 2* It was concluded 
from these results that degradation of performance became sign!- 
ficant after about 200-300 hours of exposure to water and is a 
result of corrosion which caused plugging of the pores. The 
other potential causes • — solid particle retention and salt 
deposition — might be inportant under different conditions 
such as longer time duration and higher initial concentrations. 

Several approaches exist for meeting such problems. The 
selection must be made in consideration of the mission require- 
ments. The most obvious is selection of an alternate material 
which is more passive to water. In some cases the degradation 
can be accommodated by design. Inhibitors in the water and the 
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6.2.3 Continued 

wettability of the plate may have significant effects. A non- 
wettable pltte oulc have poor performance in the evaporative 
mode because the heat sink temperature would increase rapidly 
with heat flux. On the other hand, a non-wetting plate would 


exhibit some advantage in improved water retention, capabilities. 
In theory either a wetting or non-wetting plate should restrain 


a static head, the difference being the face at which the fluid 
is restrained. Fluid restrained at the upstream face of a non- 
wetting plate would tend to be stable with respect to transients 
in the water supply pressure. Fluid- restrained at the outer 
face, as for a wettable plate, would be expected to bridge the 
heles under a water supply pressure transient, causing a breakdown 
of the entire restraining mechanism. These hypotheses were not 
examined experimentally. 

6.2. U Other Material Considerations — The remaining material con- 


siderations — strength, vacuum stability, and fabrication — 
were not an issue in this study, but a brief comment on the 
observations with respect to these matters, may be informative. 


The sintered plates do not have high strength characteristics. 

- 


When testing and handling unsupported plates it appeared possible 
to fracture a plat' ather easily. This fracture would become 
apparent in an oper^.^ng plate as an ice filament extending from 
the outer face of the plate. Apparently the bond between particles 
would be broken, effectively increasing the pore size. 
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6.2.4 Continued. 

Fabrication technique is a field in itself. Both n. ate rial and 
configuration factors are inrportant . Brazed isodules of a 
standard type, where the porous plates were continuously sup- 
ported by fins, were made without difficulty. However, where 
unsupported plates were specifically required for experim ent al 
purposes, a great deal of difficulty was encountered. So 
solve this problem and get on with the experimental program 
a non -metallic bond was used, although this approach would 

probably not be considered acceptable for production articles. 

♦ „ 

Vacuum stability is not a problem with metallic plates, but 
early in the study some plastic materials were eliminated for 
this reason. 
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MATHEMATICAL MODELS 


Three nodes of operation have been indicated, each requiring 
a slightly different form of analysis. The three nodes are 
discussed in the following sections; an additional section 
presents a treatment of the flow losses through a plate dis- 
charging to vacuum ambients. 

Sublimation Mechanism 

This mechanism or mode of operation represents the condition 

when an ice layer exists on the* liquid reservoir side of the 

porous plates. Operating a unit with colored water conclusively 

showed that this ice layer prevents liquid from entering the - 

porous plate. In addition it demonstrated that the individual 

particles of ice actually move toward the porous plate Kith 

time while the ice layer maintains a constant. thickness* In 

order to satisfy these observations and the input heat flux : 

requirement the ice layer must sublimate at the porous plate 

face at the same rate that ice is formed at the ice xiquid interface. ' 

An analysis of the sublimation mechanism including energy transfer 
by conduction and convection is presented in Appendix L. This 
analysis shows that the temperature distributions across the liquid 
ani ice layers are essentially linear for the range of conditions 
for which this device will be employed. Suitable results can thus 
be obtained by considering energy transfer by conduction alone. 
Referring to Figure 5, the heat transfer across the liquid and ice 
layers can be expressed as 

qi/A ■ Qq/A “(kj. /L) (T 0 -32) and q 2 /A ■ (kj/l) (32-T s ) 
where k is the effective thermal conductivity of the respective 
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7 -1 Continued . 

at the liquid interface, and 

* 2 /a =U /a h s 

at the sublimating face, where hf and h s are the heats of 
fusion and sublimation, respectively. 

By combining these expressions algebraically, the temperature 
of the heated surface can be written as: 

To = 32 + Vj^ [*>/ A * 5 - ki(l- ) • (32-Ts) J 

where T s is the sublimation temperature and is related to the 
local pressure fbr solid-vapor equilibrium. 

The ice layer thickness, which was one of the measured quantities 
when testing porous plates under this mode of operation, can 
also be' derived from the above expressions, giving 
kj ( 32 -Tg) * (h s -hf) 

I= • *. 

7.2 Evaporation Mechanism 

Tests run with the ambient pressure above the triple point 
pressure precluded the existence of ice in any area of the 
porous plate . Under these conditions the only obvious assumption 
is that the liquid is retained behind the porous plate solely 
by surface tension and the input heat flux requirement is met 
by evaporation. The liquid bead retained by surface tension 
was found to be Identical to the liquid breakthrough pressure, 
as determined independently for the porous plate operated in 
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7.2 Continued. 

this mode, proving these postulate s . When exhausting to a low 
ambient pressure less than the triple point pressure, as 
normally intended, a porous plate will operate solely with 
this evaporation mechanism if the heat flux is sufficient to 
maintain the interface vapor pressure above the triple point. 

Assuming a pore is small enough to support a liquid head by 
surface tension the wettability of the porous material deter- 
mines where the liquid is restrained. In the case' of a hydro- 
phobic material the liquid would be restrained at the upstream 
end of the pore; a hydrophilic material would restrain the 
liquid at the downstream end of the pore. Clean metals and 
glass are generally completely vetted by clean liquids, but 

v r ~ 

it is frequently found thatthese materials tend to be hydro- 
phobic if the liquid or surface becomes even slightly contami- 
nated. 

For this mode it was necessary to assume that the liquid was 
restrained at the downstream end of the pores, as by a hydrophilic 
material, in order to correlate the test results. By assuming 
that the liquid is at the downstream end of the pores it is not 
necessary to account for a pressure loss from the evaporating 
surfaces to the ambient. This is only approximate because a 
pressure gradient exists above any evaporating surface but it 
is usually negligible. Since the input heat flux is simply the 
heat conducted across the liquid layer and the porous plate, 
the temperature of the heated plate can be expressed as: 

M« K-«»A 7/«a 2k 
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7.3 Continued 

The porous plate temperature can be assumed to be at the freezing 
point of the fluid. Then heat source temperatures may be 
calculated with knowledge of the conduction path between the 
porous plate and heating surface. The assumption of porous 
plate temperature is intuitive if one realizes that all large 
h les will have some ice, i.e., a temperature slightly less than 
freezing, and the temperature of the smaller holes will be 
slightly above. The rang 3 of this mode corresponds with moderate 
heat fluxes, so that it seems unlikely that the smaller pore 
temperatures would tend to get very high. Furthermore, if 
plates of high conductivity are used, it will be necessary for 
the plate to be at 32 ‘F for the larger pores to be blocked* 

This was confirmed by temperature measurements on the surface 
of porous plates when operating in the mixed mode. 

Some theoretical numbers can be made which further support this 
mode and place an upper bound on its range. By use of the water 
retention tests (see Appendix D) a maximum hole size can be 
estimated. With this hole size a heat flux that will raise the 
pressure above the triple point can be calculated. This is the 
obvious upper bound for this range. c 

The heat flux can be assumed to be proportional to the area of 
the hole. The pressure loss, which is shown in the next section 
to be characteristic of free molecule flow, is inversely propor- 
tional to the radius cubed. It can be immediately concluded that 
for holes smaller than the maximum there exists a lower heat flux 
at which the pressure loss in these holes will be large enough to 
raise the interface -pressure above the triple point, hence the 

mixed mode. 
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7 0 k Free Molecule Flov Through Porous Media 

In order to determine the vapor pressure at which the sublimation 
or evaporation phase change occurs the porous plate flow ciiar- 
acteristics must be defined. The phase change temperature can 
then be obtained from equilibrium vapor pressure data for the 
particular substance and phase change process. 

Gas rarefaction must be considered because of the very low embient 
pressure to which the porous plates are exposed. In considering 
this effect, the molecular mean free path, X > i® comaonly used 
to identify the flow regime. If the mean free path is small 
compared with the most significant dimension of the system, gas 
flow can be treated as continue, and. macroscopic prt erties such 
as density, velocity, and temperature may be assumed to vary 
continuously in time and space. Rates of transfer of momentum 
and energy in continuum flow are governed by a series of random 
molecular collisions, allowing rapid adjustment of the gas state 
in the event of flow disturbances such as friction or heat trans- 
fer. When the gas Is rarefied so that the mean free ^ path is not 
negligible compared to the most significant dimension, inter- 
mol?cular collisions become less frequent and molecules which do 
not strike the boundaries of the astern are unable to come into 
equilibrium with the boundaries. 

Depending on the degree of gas rare fi cation, gas dynamics is 
commonly sub-divided into three flow regimes; continuum flow, 
slip flow, and free molecule flow. Continuum flov exists when 
the mean molecular free path X is small compared to the most 
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7.k Continued 

significant dimension of the flow system L, whereas free molecule 
flow occurs when X is large relative zo L. The slip flow regime 
exists when X and L are oi the s .,»e order of magnitude. 

In the case of flow in porous media the most significant dimension 
is the equivalent pore diameter. In this stuay the equivalent 
pore diameter of the porous plates tested varied from 0.5 to 
15 microns with most of the pores approximately 1.-2 microns in 
diameter. From modified kinetic theory the mean molecular free 
path can be confuted from the equation 

X -• F- RT 

-p - : * 2 g 0 • 

where ^ is the gas viscosity, R is the gas constant, and p and 
T are the pressure and temperature respectively. At the triple 
point pressure and temperature the mean molecular free path 
for water vapor is 6.95 microns, .indicating that free molecule 
flow exists at this p' ure or any lower pressure as occurs in 
the sublimation mechanism. At slightly higher pressure levels, 
which will occur in the evaporation mechanism, flow characteristics 
may tend toward the slip flow regime. 


Free molecule flow through long narrow tubes can be expressed as 

* 


where 


6J 


<R 


8/ J 


2 8 q 
Tf RT 


1 


Pi - P2 

a 


1 ? 


d x 


1 


* 


J. K. Roberts, and A. R. Killer, "Heat and Thermodynamics, " 
5th Edition, Interscience ^ .blishers, Inc., New York, I960. 
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Continued . 


- ,Tas iaov rate 


= gas constant 


- inlet pressure 
= outlet pressure 


- absolute temperature 


- gravitational constant 


= flow resistance 


= flow length 


= tube circumference 


-= tube area 


The non-unifora pore size distribution and unknown variation in : 

- _ 'i c C 

circumference and area with flow length prevent evaluating the 
flow resistance, (P. , to free molecule flow through porous plates. 
However, the equation does show the nature of free molecule flow 
and how it can be correlated with experimental results for 
porous plates. Since the flow resistance is a function only of 
geometry, experimental data can be used to determine the equiva- 
lent resistance to flow through porous plates. Also, it is 
apparent from the flow equation that the flow rate is proportional 
to the pressure differential, but not the absolute pressure as 
is the case for continuum flow. Using these established effects, 
experimental data for free molecule flow through porous plates 
can be correlated in the simple form 

H'a = XAp 
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str&tlon of the effects of -various plate characteristics on 
heat rejection performance - A final phase involved the testing 
of transport Hold heated modules. This effort has not been 
reported on previously and is treated in more detail in a 
separate section. 

8.1 Performance Modes 

The analysis postulated a mode of operation — appropriately 
named the sublimation mode — -which exhibited an loa layer. 

The teat module had plexiglass sides so that it was possible 
to Observe the behavior of this ice layer. For a particular 
plate the analysis shovs the thickness of the ice layer to be 
dependent on the heat flux. For different plates at a constant 
heat flux the ice thickness depends on the gas pressure drop 
across a plate discharging to a vacuum. Ice layer thickness 
and heater plate temperature versus heat flux for a particular 
plate is illustrated in Figure 6. The solid curves; calculated 
by the theory of section 7-1, show that a satisfactory correla- 
tion exists. The heat flux at zero ice layer thickness repre- ' 
seats the upper bound of the sublimation mode . The measured 
flow characteristics used in predicting the performance of this 
plate are presented in Figure 7 along with the flow character- 


8.1 Continued 

istics of other plates used in the program. 

Proof of the existence of the evaporation mode in exactly 
the same context as was presented in the analysis is difficult to 
achieve because of the high heat fluxes required* These are 
higher than those which were normally encountered in our 
current applications , and our test' units could not safely 
provide them at low ambient pressure. However, the essential 
aspects of the evaporative node are exhibited if we merely 
exclude the possibility of the existence of ice. This was 
done by raising the ambient pressure to a level slightly 
above the triple point. The performance of a plate operated 
in this fashion is- shown in Figure 8. The solid line represents r 
the predinted results. The attention given this node has been 
restricted by the experimental limitations and by a lack of imme- 
diate interest in higher sink temperatures . Items of interest 
in the evaporation mode involve the effects of wettability on 
performance and water retention and the change in flow regimes at 
higher mass fluxes and pressure levels. These might be the ob- 
jective of additional experimentation . 

The third mode, the mixed mode, results from a distribution of 
the hole sizes as explained in a previous section. Each hole, 
by the theory presented, will go directly from the sublimation 
to the evaporation mode. The local heat flux at which this 
occurs is dependent on the radius of the hole. Tfcerefore aa 
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8.2 Effects of Plate Characteristics 

The plate variables selected for investigation were thickness, 
density, particle size, and plate conductivity, because these 
are quantities which can he specified in the plate manufacture, 
and it is possible to vary them independently. For each 
variable a range was selected which might prove suitable for 
porous plate usage . Three plates, which spanned this range, 
were selected for each point investigated. In addition, four 
plates were ordered to an identical specification so that- . 
reproducibility could be checked. 
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8.2 Continued 


It is important to recall that the theory presented requires 
that the performance of a plate be dependent on the pressure 
loss in the sublimation and evaporation modes. An examination 
of the pressure loss data illustrates the variations that 
. ... might be expected from thsse s plates. : A* concise- statement of 
the results of this phase ofl the testing- will aid • in the 
presentation. No significant variation in performance could be 
. attributed, to t§e controlled variables over the range considered 

in this study. .. First, it is important.-to examine the control 
,j. .plates, tbpse .ordered to identical,- specification^.; The results 
. of. .the performance tests are shown -in .-Figure JLQ.^ 7*F. band 

bounds the data, and at any heat flux a consistent .order among the 
plates does not exist. A check of the flow data for these plates 
shovS that there is indeed a difference but it is very orderly. 
Therefore little use can be made of this data to predict or explain 

the spread in performance. One point can oe made. The lack of 

. ; . . r * - - ..:siV5K - • i 7 - ■ c 

dependence on flow indicates these plates operate in the mixed mode. 
Without exhaustively going through the details of each variable, 
the above mentioned conclusion can be illustrated by observing 
Figure 11, where aU. performance data is presented on a single 
plot. The boundaries of the points are hardly increased over 
the control set. It is therefore concluded that the range of 
J variables (density, thickness, pore size, and plate conductivity) 

• n-cergd in this program has little importance in determining 
uhe performance when operating in the mixed mode. Despite the 
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8.2 Continued. 

data spread, on approximate performance prediction is given by 
the assumption of a triple point sink temperature vith the 
resistance to fc^at dissipation being provided by tbs conduction 
path 

Cur theory offers additional potential in to solving tbs existing 
spread in porfbruaaca in the aimed code. Tbss ispo rtence of pore 
radius, or sons precisely pose shape, on the transition boot 
Axsc bstvsoa principal codes has been stated. Xt is con- 
ceivable that a details! kasuled^o of the pore size distribution 
uculd ollcv a prediction of pesfossanos in tin transition region. 
Such o detailed description of a porous plots is beyond *be scope 
of this progrea. 

£ 3 spits thn look of o precise analytical cothod of prediction 
in this code, it represents tbs E3si practical operating rungs 
for current applications. Ba boot sink tezperotare ia odaquote 
end tin best Hoses ore maxinlted providing tin rinlaa size 
unit. 
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9.0 Configurations fcr Transport Fluid Cooling 

Tho heat rejection performance of the porous plate boiler was 
investigated experimentally and theoretically for electrically 
heated modules in which the plates were in an as-received condition. 

One of the current uses of this device is the cooling of a transport 
fluid in a compact heat exchanger such as the one shown in Figure 1. 

This unit incorporates fins which are brazed on the transport fluid 
and water sides for improved thermal performance udd structural rigidity , 
The manufacturing process to which the porous plates are exposed 
during fabrication of this type of. unit introduces a variety of 
practical considerations which were investigated in the final phase 'if 
this program. 

The brazing of a heat transfer fin in the water passage is easily 
accounted for in the theoretical analysis by adding the conductance 
of the fin in parallel with the water. However, the brazing process 
can be postulated to disturb or change the original porous plate proper- 
ties by blocking pores or disturbing the original bonds between 
sintered particles. An additional problem >u&y be introduced by the 
fins because the heat flux at the transport fluid inlet may be 
sufficiently high to cause liquid breakthrough due to the elimination 
of ice plugs in pores which are too large to restrain the liquid by 
surface tension. 


O 

1 

I 


With these questions in mind four different glycol heated test modules 
were designed (Drawing No. 13*X-f>^ to 55) to evaluate the existence 
of such problems and to illustrate tential solutions. The porous 
plates selected for these modules and their performance in an 
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electrically heated module nrior to manufacturing are listed in 
Table 5. These ^.l^tes vere order^-d to identical specifications but 
it is apparent th>t £>vl th® same heat flux there is a difference of 
several degree'.- *r e-ater plate temperature. The glycol circuits 
of all four units w- re intentionally made the sane so that water 
side . ffects could be isolated. A photograph df one of the glycol 
heated modules is shown in Figure 12. 

Module 13-2-51; is of conventional construction with nickel fins braced 
to both the porous plate and the fluid parting sheet. This unit 
was used to demonstrate the differences from an electrically heated 
clean porous plate due to a manufacturing process. This unit was 
also used to evaluate breakthrough limits over a wide range of heat 
fluxe 3 and glycol inlet temperatures which exceeded current 
applications by a considerable magnitude. 

Module 1362-55 was similar to the previous one but incorporated a 
variation in the water side heat transfer conductance; increasing 
in the direction of decreasing glycol temperature. This change was 
intended to provide a more uniform heat flux at the porous plate to 
retard liquid breakthrough if th® problem existed with the previous 
unit. Some sacrifice in heat rejection capability is obvious with a 
unit of this type but it may be necessary for high temperature 
applications. 

The third module, 136X-53, was intended to eliminate blocking of pores 
by using fins which are shorter than the water passage gap and were 
not brazed to the porous plat®. Another intention was the possibility 
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of controlling breakthrough due to high heat flux by this alternate 
fin arrangement. 

The fourth module, 13&X-52, did not have any fins in the water 
passage; similar to the electrically heated modules, and was intended 
as a reference unit for the other three modules. It served to show 
the combined effects of adding fins to the water passage; aside from 
what theory would indicate, and the brazing of fins to the porous 
plate. 

Some of the design anomalies requested in these glycol modules - the 
unsupported porous plate, fin variations, and 3mall size - caused 
manufacturing difficulties. Problems in attaching the porous plate 
to the two modules where fins do not support the plate were finally 
; solved by using an adhesive in place of the originally intended 
braze bond. The only change that this introduced was to ke*p the 
porous plate from being exposed to a heating cycle which actually 
serves to preserve the originally intended reference level. The 
conventional module was fabricated with a minimum of effort. Based 
on these experiences an extensive fabrication development program will 
be necessary if performance criteria for some future mission requires 
similar unconventional designs. However, th® results of the 
performance tests, discussed below, showed that the conventional 
design was most effective for current space vehicle transport fluid 
cooling requirements. 

Predicted performance calculations for the conventional module (13^X -51l) 
were mad® based on the theory presented In section 7. 3 J the details 
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of which appsar in Appendix A. An effectiveness plot} effectiveness vs 
mass flow, given in Figure l£ was shown to be independent of glycol 
inlet tccperat'ure within the temperature range (60*F to 120°F) used 
in the test program. The performance calculations obviously do not 
ref?.ect such considerations as pore blockage and thus they can be 
used as another reference for evaluating the effects of manufacturing 
on the porous plates. Also shown in Figure 1 $ is the measured 
performance of this conventional module. The actual performance was 
always less than the predicted, but the superior performing runs 
were close to the predicted curve. Figure 1 $ also shows an apparently 
significant spread in the dsta which is influenced by glycol Inlet 
temperature. This is contrary to the predicted performance calculations 
in Appendix A which shows the inlet temperature dependence to be 
negligible. Comparing the test data for the conventional module with 
that for the other modules in Figures 13, lit, and 16 it is apparent 
that some other parameter besides inlet temperature is influencing 
the spread in the test data. If temperature level were producing 
this spread it wculd be expected that a consistent order would exist, 
but no such pattern exists. 

One possible explanation- for the df ta spread is performance deterioration 
with time. However, the sequence in which the tests were conducted 
on each module and the order of the performance levels in terms of 
inlet glycol temperature given in Table 3 shows no obvious reason 

! 

for expecting the data spread to be caused by deterioration in 
performance. Another potential explanation for the data spread is 
maldistribution of th* glycol flow since independent studies at 
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Hamilton Standard have shown erratic distribution can produce similar 
effects on performance for comparable levels cf mass velocity. The 
small size of these modules and the presence of vapor pockets in a 
unit tends to accentuate the effects of maldistribution. The glycol 
heated modules were intentionally designed with four one inch vide 
glycol passes to *void. maldistribution but possibly the problem 
was not entirely eliminated. 

The procedure taken in setting up the various test conditions was 
also analyzed in light of the spread in test results. The temperature 
level was established and then the procedure was to vary the glycol 
flow rate over the desired range keeping a constant inlet temperature. 
When the temperature was changed the flow to the module was usually 
shut-off until the new level was established. This procedure could 
. lead to the illusion of an: inlet temperature dependence whereas the 
more logical explanation is a glycol flow distribution which was . 
different for each inlet temperature. To further check this theory 
.attributing the data spread to erratic glycol flow distribution} 
module 136X-55 was run twice at the same temperature level of 90 # F 
on different days. This data, shown in Figure 16, further supports 
the conclusion that the data spread is due to a changing glycol 
flow pattern and not glycol inlet temperature. The only obvious 
explanation for the data spread is a change in glycol flew pattern. 

The relative performance of the various glycol modules is 

illustrated in Table U in terms of mean values of effectiveness at 
various flow rates. Th- performance follows the anticipated pattern 
with the conventional unit being superior to the others. The unit 
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incorporating a variation in water side conductance exhibited the 
second best performance while th<-- on® without fins and the one with 
short fins not brazed to the porous plate are very close but of 
inferior performance. Apparently blocking of seme of the pores by 
brazing fins to the porous plate is rot suff 5 ciently detrimental to 
overcome the advantage of the improved heat conduction of the fins. 
Kovevor, if the predicted performance is assumed as a reference level 
the theoretical advantages of braring the fins to the porous plate 
were not completely realized. Several things could explain this 
deficiency - blocking of some pores, poor brazing at the ends of 
the fins, or as discussed abovej glycol maldistribution. 

To evaluate liquid breakthrough limits the conventional module, 136X- l >li, 
was started up at increasingly higher glycol inlet temperatures with 
a water supply pressure of 10 psia. The procedure for a start-up 
test was to establish the test chamber vacuum, glycol inlet temperature, 
and water supply pressure; then once the unit was hot soaked a* the 
glycol temperature and all residual water evaporated; the water 
supply valve was rapidly opened. The test module was successfully 
started in this manner without xnducing breakthrough for hot soaked 
glycol temperatures as high as, 15>0°F, which is the upper limit of the 
test rig. These results indicate that a conventional transport 
cooling porous plate boiler can be made with suitable hot start-ip 
characteristics for proposed space vehicle applications. It is thus 
not necessary to resort to adjusting the water side heat transfer 
paths; which reduces performance, so as to retard liquid breakthrough. 
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Ste'r'JZ CALCULATIONS FOR TNF 


GLYCOL HSATBD MODULE #13oX-5^ 


This nodule used a sintered ; 


porous plate for -^hich 


operation solely in the evaporation j^ode i_ unlikely. The sublimetou 
node occurs at the low heat flux range and is of only modest interest. 

The performance prediction Is detailed for the nixed mode. For the mixed 
mode reference to section V.3 shows that the sink temperature is constant 
at the fluid triple point. For the esse considered here, the sink 
temperature is 32°F. 


The temperature profile for this heat exchanger iss 


— Tgo 


The effectiveness of the heat exchanger is df " Ined as: 


c _ A Actual _ Tgi - Tgo 
^ ^ T max T& 1 - - TPP 


This can he written in terms of the f?uid properties and the geometry 
of the uuit- 

q ^ UA ASy.; »UgCg '’Tgi - Tgo) 


Atlk - i ^ i — 


Ln l M-: ) 

Tgo - Tpp 
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UA = ' aes A S x new Av 
heg Ag + hew Av 

where 

heg * effective glycol film coefficient 
hew = ef* ,cti/e water side resistance 
Ag = glycol side surface area 

Aw = water -side area 

Evaluation of glycol side conductance. 

Fin characteristics: 

0.100" Eerr - 18 FPI - .002" tk 


Stainless Steel 
Pass width 1" 

Fass length 4" 

Number of passes - 4 
Glycol fin area: 


_ W v -FPI x fck) (H-tk) 

g 
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Characteristic length: 

2 (ri-tk) - tk) 

Dbg = J — 

H + m - 2 

= 2 (. 0988 ) (. 055,6 - . 002 ) = O . o686 in . 

0.100 + 0.0556 + 0.004 

The maximum Reynolds number is at the maximum flow rate and temperature . 
Maximum Flew: 115 lb/hr 

Maximum Temperature: 120 °F 

Re = GgV'as 

- • 0 10686 • _i_ = 1Q3 5 

‘ 6.61 x io-^ 12 5d5 Ay5 ° 

At such low Re; -.olds number fully developed laminar flow is assumed. Under 

these conditions the Nusselt number has been found to be a con- 

stant 3 * 65 t for the conditions encountered. 

Su)g ^ H D £ g = 3 65 

kg 

There is a slight variation of kg with temperature. 

kg = 0.224 Btu/hr - ft - °F at 60*F 

and 

kg = 0.219 at 120 °F 
Solving Nu for hg it is found that “ 
hg = 143.0 at 60°F 
1»*C at 120°F 

The temperature dependence is ignored in further calculations and hg is 
assumed constant at 1^0 Btu/hr-ft^-'F 
he * \ o h 
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hevAv - a. /"kv fAv — Af) •+- kf Af_7 
H 


Tne water side fins are 


0.075" H 12 FPI .004 -U 


Perforated nickel 


98 hole /in 2 ±5 
0.050 ±5 hole diameter 


: *t.4 v&ter side fins are peiforated to all ow for water distribution. This 
perforation accounts for a significant area of the fin and oust be in- 


cluded in the calculation of Af . 


Perforation Reduction Factor: 

pp = 1 - 98( ; 050)2 ^ - .808 
Af = vJL (FPI) tkx Fp 

= ! ul!lx ^j ^ 0 -- 00 - x <608 = 4.31 x io-3 ft 2 

Aw = = 0 . 11 c ft 2 

= 0.338 Btu/hr ft-°F 
kf = 35 Btu/hr ft - °F 

HevAv = -1 /T 338 (0.1057) + 35 (4.31 x 10“3) 7 

6.25 x 10-3 


The Water Side Conductance hevAv 
29.5 Ttu/hr - °F 
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a - Continuum flow from test, 
b - Free molecule flow from test, 
c - Extrapolation of continuv - flow test 
data to free molecule pressure level 
by usual density correction - not correct. 
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Figure 1* 

Some Alternate Arrangements of Regularly Packed Spheres 
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COMPARISON 0? MEASURED ICE LAYER THICKNESS AND HEAT REJECTION 

PERFORMANCE WITH THEORETICAL PREDICTIONS FOR PLATE E OPERATING IN THE 

SUBLIMATION MODE 



MiurNL Mi.T/m.N 
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FIGURE 12 Glycol Heated Porous Plate Water Boiler Test Module 
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TABLE 3 


Run Sequence Conroared to Effectiveness Level 


54 


Run £ 


50 60 
60 120 
120 , 90 


90 60 
60 120 
120 90 


60 60 

90 90 

120 120 


*0rder of effectiveness froa highest to lowest 

TABLE k - 

Average Effectiveness for Glycol Heated Modules 


20.9 

17-9 

33-6 

31- 


56 

80 

106 

14.2 

10.8 

8.3 

12.6 

10.0 

8.1 

24.0 

18.6 

15.3 

20.4 

15-1 j 

12.2 j 

t - . . J 


TABLE $ 

Performance of Phase IV Elates in Electrically Heated Modules 


Water Feed 
Pressure 
P3IA 


Heater Place 
Tenroe nature 
* °F 
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TABLE 6 





DESCRIPTION OF POROUS PLATES 



PLATE 

MATERIAL 

THICKNESS 

* 

DENSITY 

PARTICLE 

SIZE 

DISTRIBUTION 

PHASE 

A 

- 

Stainless Steel 

0.032 

.615 

- 

II 

B 

Nickel 

0.058 

. 7^5 

- 

II 

C 

Nickel 

0.038 

•7^ 

- ~ 

II 

D 

Stainless Steel 

0.033 

.735 

- 

II 

E 

Teflon Impregnated 
Fiberglass 

0.006 



.IT 

F 

Nickel. 

■*. 0.06l 

61 

25-37 

III 

0 

Nickel 

0.060 

- 65 

25-37 

III 

K 

Nickel 

0.055 

. 6 3 

_ 25-37 

III 

I 

nickel 

0.055 

6k 

25-37 

III 

_ 3 

Titanium 

0.052 . 

62 

25-37 

r 

III 

.... .K 

Copper 

0 .06 V 

66 . 

77 ; 25-37““ 

III ’ 

L . 

Nickel- 

0.032 

65 

25-37 

III : 

M 

Nickel 

0.063 

55 

25-37 

III 

N 

Niekef 

0.061 

-62 

! 

37 -^ 

III 

0 

Nickel 

0.056 

76 

. 25-37 

III 

P 

Nickel 

f 

0.063 . 

63 

15-25 , 

. Ill 

Q 

Nickel 

- 0.038 

83 

- 

nib 

R 

“Nickel 

0.038' ; 

83 

- 

nib 

S 

Nickel 

0.039 

83 

- 

nib 

T 

Nickel 

0.039 

83 

- 

IF 

U 

Nickel 

t 

0.038 

83 

- 

IV 

V 

1 

Nickel 

0.031 

81 

- 

IV 

i 

w 

j 

Nickel 

0.032 

82 


IV 
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TABLE 7 

MEASURED WASH RETENTION , BUBBLE PCINT, AND 
PERMEABILITY OF POROUS PLATES USED 


PLATE 


BUBBLE POINT 
psi. 


l 

1 : O 


E 

O .36 

F 

2.1 

0 

2.4 

H 

2.1 

X 

- 2 . 2 ^ 

J 

2.8 ; 

'K 

3-7 

L. 

2.1 

M 

1.6 

N 

1.9 

0 

2.4 

P 

2.6 


1.81 

R 

1.81 

S 

1.76 

T 

2.6 

U 

2.7 

V 

1.9 

W 

1.8 


WATER RETENTION 
■Dsi 


O.O 69 

0.73 

5.4 

1.33 

1.18 

O.I 72 

O.I 63 

O .117 

0.063 

0.145 

0.217 

p. 397 

6.271 r 

0.181 

O .885 

O .452 

1.8L 

2.64 

2.55 

2.75 

2.7 


0.050 

0.70 

0.20 

O.OitO 

0.105 

0.115 

0.085 

0.090 

0.150 

0.245 

0.055 

0.050 

. 0.085 

0.205 
0.150 
0.25 * 
0.20 * 
0.25 * 
O .36 * 
0.30 * 
0.24 * 
0.16 * 
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TABLE 8 

SUMMARY 0? PERFORMANCE DATA FOR PHASE II 
VERIFICATION COOLING -MECHANISMS 


i 

No, 

Plate 

! 

Spacing 

Heat 

Flux 

Btu/Hr/ft 2 

Ambient 

Pressure 

psia 

Water 

Feed 

Pressure 

psia 

Porous 

Plate 

Temp. 

°F 

Heater 

Plate 

Temp. 

°F 

Ice 

Layer • 

Thickness 

in. 

1 

A 

.5 

813 

0.00082 



58.7 

.387 

2 

A 

.5 

9U0 

0.00118 



90.8 

.245 

3 

B 

•3 

9k> 




97.3 


4 

B 

.3 

1315 

0.00102 ; 


- 

125.1 

- 

5 

B 

•3 

1705 

0.00118 | 

; 



150.8 


6 

C 

•5 

kjo 

0.00082 

! 

4.0 

33-7 j 

89.7' 

{ 

7 

C 

•5 

no 

0.00078 J 

4.0 

34 

116.5 

•» 

8 

C 

•5 

=970 

0.00092. 

4.0 

3*.2 

144.7 

- 

9 

C 

.5 

1230 

0.00098 

7.8 

32 ' 

172.9 

- , 

10 

c 

•5 

1*75 

0.00098 

15.2 

31.8 

199.3 

- 

11 j 

c 

•3 

590 

0.00108 

5.8 

31.9 

74.2 


12 

c 

•3 

1280 ” 

0.00176 

5.8 

32 

122.5 

_ . 

13 i 


•3 = 

1800 1 

0.00176 

8.3 

32.1 

156 

— 

14 

c 

•3 

: 69^ - 

0.57 

2.9 

- 

113.6 

0 

15 

c 

.3 

1200 j 

0.57 

3.9 

- 

136.1 

0 

16 

c 

•3 

1265 1 

- - 

0.57 . 

4.9 

- 

139.9 

o' 

17 

D 

.5 


0.00135 

3.8 , 

30.7 

77 

.065 

18 

D 

.5 

420 

0.00174 

3.8 

30.5 

78 

.067 

19 

B 

•5 

475 

0.00147 

3.8 

28.9 

81.5 

.073 

20 

D 

.5 

580 

O.OOI93 

3.8 

31.5 

100 

.025 

21 

I) 

-5 

610 

0,00088 

3.8 

33.7 

102.5 

.01 

22 

D 

•5 

690 

0.00118 

.3.8 

31.2 

1 

110.5 

.01 

23 

E 

•5 

800 

0.00098 

2.2 


72.8 

.296 

Zk 

E 

•5 

1166 

O.OOO98 

2.2 


123.6 

.126 

25 

E 

.5 

1920 

0.00118 

2.2 


239 

j .03 

26 

E 

•3 

635 

0.00088 

2.0 


! 43.4 

.23 

27 

E 

•3 

710 

0.00121 

2.0 

- 

52.4 

.17 

28 

E 

.3 

825 

0.00118 

2.0 

1 ** 

! 82.5 

.05 
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TABLE 9 


SUMMARY OF PERFORMANCE DATA FOR PHASE III 


He. 

Plate 

INFLUENCE 

Heat 

Flux 

Btu/Hi’-Ftf 

OF PLATE 

Arabient 

Pressure 

psia 

VARIABLE 

Water Feed 
Pressure 
psla 

Heater Plate 
Temperature 
°F 

1 

F • 

1420 *' 

0.0077 

2.6 

68 

2 

F 

1600 

0.0058 

3.0 

75.5 

3 

F 

1930' 

0.0058 

2.6 

81.5 

4 

F 

2110 : 

0.0058 

. 2.1 

'■ 90.5 

5 

F 

2810 

0.0018 

2.1 

102 

6 

F 

3000 

0.0058 

2.0 

105 

7 

t 

rx 

U 

1420 

0.0019 

1.6 

O 

71'- 

8 

c- 

1590 . 

0.0018 


77 

9 

. G 

2100 

0.0019 

1.5 • ■ 

86 

10 

G 

2390^ 

0.002V 

1.5 

' 93 

.11 

G - 

3220 ----- 

0.0023 

2.1 ■?>. 

105- 

12 

H 

1650 

0.0019 

1,9 

71.5 

13 - '• 

- H 

2000 

0 .0021 

■ • 1.6 : 

81. - 

Ik 

K 

= 2010 

. 0.0058- 

1.6 

,83 

15 

H. 

C: 

2380 

. . 0.0027 

= 1.5 

97 

16, 

I 

V 1620 

0.0019 

2.0 

• ‘ Z 73 

if 

I 

2020 

0.0009 

1.6 

77 

18 

. I 

23*0 ' 

O.OO3.8 

1.6 

87 

19 

I 

2430 

0.0018 

1.5 

' . 93 

20 

I 

2700 

0.0018 

1.4 

102 

21 

J 

1150 

0.0013 

- 2.0 

70 

22 

J 

.* 2150 ; 

O.OOll 

1.8 

86 

23 

J 

2610 

0.0013 

1.8 

95 

21 ~- 

J 

3060 

0.0016 

1.8 

1C6 

25 

J 

3710 ’ 

0 .0017 

4.6 

120 

26 

J 

1110 

. 0.0019 

1.8 

127 

Table 9 
Continued on 

1 

I 
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TABLE 9 
(continued) 


Heat 

Flux 


Ambient 

Pressure 


Water Feed 
Pressure 


neat-v. Plate 


Ho . 

Plate 

Btu/Kr-ft 2 

psia 

psia 

°F . 

27 

K 

1250 

0.0009 

2.4, 

63 

28 - 

K 

1545 

0.0010 

2.2 

68 

29 

K 

1855 ' 

0.0014 

2.2 

76 

30 

K 

2390 

0.0018 

1 .8 

87 

31 

K 

2920 

0.0058 

2.0 

- 104 

32 

L 

1440 

0.0023 

1.0 

71 

33 

L 

1690 

0.0029 

1.8 

77 

34 

L 

1975 ' 

0.0041 

1.4 

84 

35 

L 

2260 

0.0027 

- 1.0 

93 

36 

M 

950 

0.0023 

1.6, 

.. - 58 

37 

M 

1600 '7. 

“ - .0024 . 

= 7i *8 

•74, 

38 

N 

, 1230 

0.0023 

1.8 

66 

39 

N 

1440 . 

0.0025 

1.6 

< 69 

-4o 

N 

c 1730 

0.003? 

3.7 

75 . 

41 

N 

1800 

0.0029 

1.7 

81 

42 

^ N . 

2380 

O.OO29 

c: 

1.5 

88 

43 

0 

1280 

7 I 

0.0031 

1.5 

s 68 

44 

0 

1680 

jD.0025 

1.3 

76 

45 : 

0 

1980 

0.0033 

1.3 

82 

46 

0 

2140 

0.0031 

1.2 

90 

47 

c 

2880 

0 .0027 

1.7 

106 

48 

0 

3300 

0.0027 

2.1- 

116 

49 

Q 

3580 

0.0058 

1.9 

123 

50 

p 

1400 

0.0031 

1.8 

70 

51 

P 

1635 

0.0027 

1.7 

76 

52 

P- 

1970 

0.0031. 

1.8 

84 

53 

P 

2220 

■ 0.0031 

1.6 

89 

54 

P 

2720 

0.0033 

1 O 

98 

55 

P 

2930 

0 .0039 

1.6 

107 

1 ^ 

P 

=540 

0.0031 

2.0 

120 
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HISTORY OF PLATS ; 

1 . . Initial Inspection 

a. Measured bubble point pressure 

b. Measured water retention pressure 

c. Measured permeability at atmospheric exit pressure 

d. Measured permeability at simulated operating pressures 

e. Established initial performance reference 

2 . Operated plate continuously in electrically heated module for 
100 hours at the following conditions: 

Heat Flux - 1500 Btu/hr-ft 2 /-' . 

Water Pressure - h.2 psia 

3 . Back flushed plate with ultra-pure effluent for contamination 
analysis . 

h. Final Inspection 

a. Measured bubble point pressure - 

b. Measured wafer retention, pressure 

c. Measured permeability at atmospheric exit pressures 

d. Measured permeability simulated operating pressures 

e. Conducted extraction analysis of matter deposited on. 
; plate during 100 hours of operation. 


HISTORY OF PLATE R ; 

: 1 . Initial Inspection 

a. Measured bubble point pressure 

b. Measured water retention pressure 

c. 2 <feasured permeability at atmospheric exit pressure 

d. Established initial performance reference . . . J/ 

2. Force flushed 7.2 liters of distilled water through plate 
(same amount consumed by plate Q in 100 hours operation at 
1500 Btu/hr-ft 2 ) 

3 . Intermediate Inspection c 

a. Checked performance 

b. i, Measured water retention pressure 

c. Measured bubble point pressure 

d. Measured permeability, at atmospheric exit pressure 

Soaked in distilled water in a covered bui' not air tight glass 
container for 651 hours and checked performance at various 
times. 
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H ISTORY OF PLATS R (continued) 


•■'inSJl Inspection 

. ' ) 'V - 

a - ' v Checked performance 

b. Measured bubble point pressure 

c. Measured water retention pressure 

d. Measured permeability at atmospheric exit pressure. 


HISTORY OF PLATS S 

1. Initial Inspection . ... . 

a. Measured .ater retention pressure 

b. Measured bubble point pressure 

c« Measured permeability at atmospheric exit pressure 
d. Established initial performance reference ^ „ 

c •' , ? 

2. Soaked plate in distilled water, boilejd to remove any air, 
in. a elooelglass container with a nitrogen atmosphere abbve 
the water for 662-hoursand checked performance periodically. 


3« Final In fection 

a. Checked performance • . . " • - \ c ' - 

b. Measured bubble point pressure- ; 

c. insured water retention pressure . ; : ' 

d. Measured permeabil ty at -atmospheric exit- pressure 
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ANALYSIS O'f DISTILLED EATER IZFORE USED IN THE VARIOUS DEGRADATION TESTS 


3 * . 

Slight 

None 


Gar^cn^es 

DrULorides 

Sulfates 

Fluoride 


Eone 
None' i: 


50 e£l « 


Nickel None 

Oxygen l/lO ppm 

NH* None 

NQo None 

NO^ . O.Olo ppjc 

Chloroform Extract ( Anything 6 ppm 

which dissolves in chloroform ) 

Total Solids 9 ?P^ 

Fixed Solids 8 ppm 

Bacteria Count: 

By membrane filter 0 ppm 

By plate count 4 ppm 


ANALYSIS 0? WATER AFTER USED IN TESTS 

A. Triple Distilled Water Effluent After Back Flushed Through 
Nickel Porous Plate Q 

Ph T-0 

Carbonates Slight Trace 

Chlorides None 

Sulfates None 

Particle Count 

Total Solids 27.6 ppm 

Bacteria Count None 

B. Distilled Water in which Nickel Porous Plate R was Soaked for 
651 Hours in an Open Glass Container 

Ph 6.5 

Carbonates Very Slight Trace 

Chlorides None 

Sulfates None 

Particle Count 

Total Solids (not made) 


Bacteria Count 


Many colonies of gras negative 
bacillus, some gras positive 
bacillus, and soce yeast. 


LCStilue 


water in which Nickel Porous Plate S was Soaked for 


cc2 Hours in a Closed Glass Container with a Nitrogen Atmosphere 


over the xater 


Carbonates 
Chlorides 
Sulfates 
Particle Count 
Total Solids 
Bactaria Count 


7.0 

Very Slight Trace 
None 


Few Colonies of Gras negative 
Bacillus and Occasional Yeast 
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i'lrjo.-Vn;' riiLC- 


Lvl.-SS IV — 
SATED MODULES 


module 


al /-in < 


Pressures 


95 *c i 
92.2 I 

91 | 

? 0.3 | 


ll* 7 .? 
121.0 i 
12 . 0.2 
ns.6 [ 

D 


OJ.O ; 

60.9 » 


90.5 

90.5 

90.2 

91-9 

92.4 

92.1 


j 

cO *c * 

; 5 * s I 


87.6 

87.8 

86.1 

63.1 

67.1 
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•W ATB tl SIDE 
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Flov 1 Pressure 
Ib/nirt psia 


7.r j 
6.10 j 
6.90 j 
? » >1 ! 
5.40 j 
i.6l 


11 >2 
9. 6/1 
Sol 

11.4 : 

ll.o 
2.49 j 
2.37 ; 
2.33 j 

2.15 

2.10 

2.11 

2,01 

2.CY 


4.l4 | 
4.01 j 
3.72 j 

3.37 i 


-Z 

: pz 

195 ! 

12.9 

92.0 

84.5 


! 53 

ISO 1 

11.9 

91.1 

C-. .o 

3.06 

* 5 < 

t ^ 

-95 

12.0 

67.3 

65.1 

4.69 

1 

yb 

795 

~o c 

— * X 
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62.1 

3. 7 4 

53 

795 

15.1 

62.6 

60.0 

3.17 

r* «■>< 

PD 

595 

10.5 - 

62.4 

57.9 

2.84 

PZ 

605 

10.9 

62.6 

59.2 

2.61 

53 

395 

7.5 

6 .9 

57.8 

2.74 

53 | 

i 595 

j 7.5 

62.5 

57.8 

— 

PZ ! 

i 195 

: 0 

* •¥ 1 

j 62.0 

55 .0 

2.29 

53 

1 195 j 

! 7.6 i 

! 62.1 

P4.- 7 

2.25 

53 

! 3cc ! 

9.o 

124.7 

116.6 

10.9 

53 i 

i 800 

9.7 

124.6 , 

II0.5 ; 

— 

1 5 3 
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9-3 

126.7 

116.8 | 

10.1 
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i 1 

9.3 

123.7 

113.7 
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TABLE 12 
(continued) 




GLYCOL 

SIDE 

1 

i WATER SIDE ] 

| AMBIENT 

MODULE 


j 

! 

j 

: j 


Supply 

PRESSURE 

NO. | 

Flow 

Pressure 

1 m. 
an 

1 lout ] 

i Flow 

Pressure 

I 

i 

rol/zin 

psia 

F 

°F I 

Ib/min 

psia 

! microns 

i 

55 

j 

400 I 

1 

v j 

! 

121.6 i 

t 

! 109.5 

; 8.13 

4.8 

25 

53 1 

lOO | 

- 1 

w 1 

120.5 ! 

; 103.6 

— 

! 4.8 

25 

53 1 

*1 p — 1 

j-y? 1 

a 1 

118.0 j 

i 102.1 

i 7.20 

1 4.5 

27 

53 i 

195 j 

9I 

115.9 ! 
» 

! ice .2 

6. 87 

! 

4.5 

27 

t 

3oo ! 

J 

15 

93.5 1 


| 12.13 

5.0 

35 

i 

800 j 

15.^ 

1 92.7 1 

63.6 

| 11.92 

4.8 

35 

54 ! 

600 ! 

9.3 ] 

!•- 91.0 1 

60 .6 

10.-15 

5.5 

35 

54 1 

! 600 j 

$- 4 

! 91.3 1 

i 79-7 

10.87 

5-5 

30 

54 ! 

: 400 i 

5.5 

1 90.3 j 


9.50 

5.4 

26 

54 ! 

! 4co ] 

! 5-1 1 

| 90.9 ! 

1 77.1 j 

i 9-3^ 

5-4 

36 

54 ! 

; 200 

5* • 1 

[ 90.8 

1 71.1 j 

8.05 

5.2 

34 

54 ! 

! 20-0 

! 5.8 | 

90.2 

I 70.7 1 

8.00 

5-3 

43 

54 

800 

11.0 ! 

S 62.5 

57.5 

5.54 

5.0 

80 

_ \ 

600 

11.0 ! 

1 61.0 

56.4 

5.34 

4.7 

75 

54 

600 

6.3 o2.1 

! 6.6 I 62.2 

56.7 


5-4 . 

75 

54 

! 600 

56.5 

4-31 

5.2 

72 

54 ! 

! 100 

3*? 

62.9 

55-1 

1.94 

5.3 ! 

70 

54 | 

} loo 

t 0 i. 

! 3«“ 

62.6 

5I.6 

4.47 

5.25 

70 

54 J 

| 200 

1 'VS 

63.4 

50.5 

— 

5.0 

72 

yh 

f TOO 

2.3 

63.5 

50.6 

3.78 

5.1 

72 

54 j 

800 

13.1 

115.6 

103.1 

17-1 

4.1 

16b 

54 

800 

12.9 

118.0 

105.4 

16.6 

5.0 

160 

54 

SCO 

12.6 

119.1 

106.6 

16.5 

4.8 

l6b 

5^ 

600 

7.8 

117.7 

102.0 

14.7 

4.6 

150 

54 

600 

7.8 

118.2 

102.8 

13.6 

5,4 

160 

54 

loo 

7.1 

115.8 

96 EL 

12.9 

5.3 

140 

cl. 

loo 

7.2 

117.7 

97.3 

13.1 

5-1 

l4o 

5^ 

200 1 

6.3 

120.1 

92.0 

— 

5.1 

130 

54 

200 

6.3 

120.5 

91.7 

12.7 

5.2 

140 

55 

l?3 

3.8 

j 

60.5 

18.6 

3.52 

4.6 

65 

55 

199 

l.o 

61.0 ! 

I9.6 

3.25 

4.6 

66 

55 

199 

4.0 

61.2 s 

50.1 

3.45 

4.6 

66 

55 

! 399 

3.7 

58,7 1 

51.9 

3.79 

4.6 

66 

55 

j 59S | 

3.7 ! 

60.2 

52.6 

3.70 

4.6 

69 

/y 

! 5$c 

5.5 

59.3 

5l. 2 

3-55 

4.6 

75 

55 

! 595 

5.2 

59.6 

51.5 

4.23 

4.6 

75 

55 

! 6lC 

y 

59.0 

51.6 

4.26 

4.L 

70 

55 

» 199 

i 1.2 

93.0 

73-1 

7.98 

4.2 

95 

55 

* £L->0 1 

! 4.2 

93*3 

73.6 

7.61 

4.2 

100 

yy 

i 

i 

i 13.2 

93.5 

76.7 

6.52 

4.5 

82 

y y 

! 200 

13.2 1 

92.6 

75.6 

6.45 

5.1 

90 

55 

i ^-s.^ 
| dJw 

: 13.1 

93 J. 

?6.l 

6.56 

4.8 

80 

/) 

. koo 

i 3.7 ! 

! 92.5 

81.7 

6.83 

4.6 

68 

./ ✓ 

\ hZO 

j 3.6 

| 91.1 

1 92.0 

3i.l 

6.78 

4.5 

83 

;y 

i 

j li-9 

Sl.O 

7.31 

5.0 

92 

55 
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j 1^*8 

1 90.5 

83.1 
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The test facilities usee in this program consist of a basic vacuum system 
ar.c three simple auxiliary systems for supplying heat and water for the 
various test units. The auxiliary systems are not operational at one 
time but are designed to be tied in as required by the contingencies of 
the test program. A major reworking of the vacuum system was required at 
the end of Phase III to accommodate the deterioration of performance study. 
This rework allowed continuous operation of the modules by adding the 
necessary valves and a second vacuum pump system. For the most part the 
test apparatus performed satisfactorily as planned. A detailed description 
of the equipment specifications is found in the following paragraphs and 
schematics (Figures 19 to 22) . A photograph of the entire test facility is 
shown in Figure 23 and one of the electrically heated test modules set up 
in the vacuum chamber is shown in Figure 2U. 


TEST FACILITY SCHEMATICS AND SPECIFICATIONS 
Vacuum System Specifications 

Item 1 - Pump 

Mini mum requirements of: l£ cfm and >0 microns dead headed pressure. 

Item 2 - Glass Bell Jar 

18" diameter, 30". high and clear of optical distortions. 

Item 3 - Cold Trap 

Liquid nitrogen cooled surface of 3 sq. ft. capable of removing 2 lb/hr of 
water vapor at a pressure of 5b microns for h hours. 

Item It - Sase Plate 

20" diameter stainless steel plate equipped with vacuum tight feed throughs 
for electrical power, glycol, water, a pressure tap, and eight thermocouples. 

Item 3 - Thermocouple Gage Transducers 
0-1000 micron range, 2 required. 

Item 6 - Gats Value 

6" hand gate value, 2 required. 

Item 7 - Auxiliary Vacuum System 

Pump, cold trap, and thermocouple gage transducer. 

WATER FEED CIRCUIT SPECIFICATIONS 

I tem 1 - Reservoir 

6" diameter x 12" high closed stainless steel tank. 

Item 2 - Sight Class 

1C" long, r.on-corrosive fittings. 

Item q - Filter 

1/2 retentiviv. of non-corrosive material. 
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Item 5 - Graduated Glass Column 
0-50 cc range 

Item 6 - Micrometer Xeeriie Val^e 

1/V' stainless steel flow control valve, 2 required. 

Item. 7 - Pressure Tap 

Adaptable no pressure transducer over range 0-15 psia. 

Iter. 6 - Pressure Manometer 

0-56 in. Hg. range with 0.1 in. Hg. increments. 

Item 9 - :feecle Valves 

l/h n stainless steel, 3 required. 

Item 10 - Plumbing 

lA" stainless steel tubing and fittings. 

AG POWER ANALYZER SPECIFICATIONS 

Item 1 - Powers tat 

O-lljO volts and 0-6 amps output and 60 cycle, 110 volt input. 

Item 2 - Voltmeter 

60 cycle, single phase, O-lpO volts range with 2 or 3 scales for accuracy. 

Item 3 - Ammeter 

60 cycle, single phase, 0-10 amp range with 2 or 3 scales for accuracy. 

Item it - Wattmeter 

60 cycle, single phase, 0-1000 watts range with 2 or 3 scales for accuracy. 

GLYCOL CIRCUIT SPECIFICATIONS 

Item I - Pump 

Maximum required capacity of 0.5 gpm at 20 psig. 

Item 2 - Flow-meter 

130-1500 ml/min range with accuracy of 1% of reading, 20 psig maximum 
operating pressure. j 

Item 3 - Temperature Control j 

Variable heat load to 2000 Btu/hr with regulation to prevent exceeding 2.50 *F. : 
Item U - Micrometer Needle, Valve 
l/2" stainless steel 
Item 5 - Needle Valves 

1/2" stainless steel - standard type - 5 required 
Item 6 - Water Cooled Coil 
Loop of stainless steel tubing. 
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Item 7 - Filter 

10 micron retentivity anc compatible with glycol. 

Item 6 - Pressure Gage 
0-25 psig range. 

Item 9 - Accumulator Ta nk 

Stainless steel construction with cover. 

Item 10 - Plumbing 

1/2" tubing and fittings of stainless steel or similar material which is 
compatible with gLycol, 

In addition to performance testing a brief series of bench tests were 
performed on each porous plate- They include a nitrogen gas flow test, 
a bubble point test, and a water retention test. Each test is quite 
simple and when used separately they provide little information. However, 
used collectively, they have potential value as plate acceptance tests. 

The equipment used for the flow test is shown in Figure- 2 $. It consists 
of a fixture to hold the test piece and a’ pneumatic clamping device. Two 
connections are provided on the fixture upstream of the porous plate, one 
for a regulated nitrogen -supply and the other for a pressure gage. The 
nitrogen flow is measured with a Cox Flow rotor and the pressure is 
indicated on an inclined manometer. The other tests make use of the same 
fixture. 

The bubble point test requires the cavity above the plate to be filled 
with a wetting fluid, usually alcohol, and the back face of the plate is 
pressurized with nitrogen. The bubble point is defined as that pressure 
at which the first bubble appears in the fluid, the location of which is 
generally rated. 

The viater retention test provides similar information to the bubble point 
test. Here the nitrogen connection is replaced by a water supply whose head 
can be closely controlled. The head is increased until the first water 
droplet appears on the upper surface of the plate. This is the water reten- 
tion head. Each of these tests may be extended to give a qualitative 
indication of the distribution of the larger pores. 

The electrically heated module is designed as a test unit * or investigating 
porous plate characteristics. An assembled module is illustrated in 
Figure 26 and an exploded view is given in Figure 27. The objective of 
this type of unit was to provide a variable spacing of the water chamber, 
a convenient device for assembly, a uniform heat flux, and a visual 
observation of the water side. 

The heater plate was a copper l/8" plate with a wire resistance heater 
bonded to the back side. The copper plate was used so that slight variation 
in temperatures would tend to be minimized. The heater plate temperatures 
were measured by thermocouples soldered to the water side fece. This was 
cone by drilling a hole through the plate and potting a thermocouple bead 
flush with the inner surface. j 

sT " 1 


H S K-62A 7/«2 



HAMILTON STANDARD 


REPORT NO-HSER 35Q9 


Porous plate temperatures were measured by welding thermocouples to the 
porous plate with lead-ins coming through the spacer piece. 

The spacer piece was mace of plexiglass. Where visual observations were 
required, the edges were polished making the interior clearly visable when 
a light source was placed at slue oposite the observer. The plastic 
stack-up imposed a temperature limitation of IpO^F on the unit with an 
implied heat flux limitation dependent on the spacer thickness. However, 
the insulation characteristics of the plastic were desirable in, achieving 
the one dimensional heated transfer that was desired. 
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APPENDIX E 

ANALYSIS OF THE SU3LIKATI0N MECHANISM WITH ENERGY TRANSFER 


BY CONDUCTION AND CONVECTION 
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ANALYSIS 0? TH£ SUBLIMATION MECHANISM WITH ENERGY TRANSFER 
BY CONDUCTION AND CONVECTION 

Considering the configuration in Figure 5* an energy balance including 
transfer by conduction and convection normal to the plates gives the 
following differential equations for the liquid and solid regions* 


£jl 

tx 3 - 


Cjl UJ dn . 

j> x a < 1 * ; 


X L 


_ Ct D dTL q s X^S (2 

The general solution to this form of differential equation is simply 

T(x> ^ cf e +/3 

where cL and /S are arbitrary constants to be evaluate d from the 

v Cay 

boundary conditions, and 0 ~ -z for the particular region being 

~ A A 

considered. — 


Evaluating the constants <*. and & for the following boundary con- 
ditions from Figure 5 
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where "T^ is the fusion temperature, the particular solutions for the 
liquid solid temperatures are 


' \ x - 

= - tx- T f ) ■ |j^7_ 


Oz£> XSz\- (3) 
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By expressing the exponentials as infinite series the relative effect 
of energy transfer by convection can be evaluated. The exponential 
series of argument y is 

y y 2 y 3 + y 1 

c y 2 • 31 Ul 

Using hater as the expendable coolant, as was done for this investigation, 

A, 

arid considering a typical heat flux of 1500 Btu/hr-ft 

% ~ ~~~ “ M§r i-W Whr-n 2 

h s 


u) 

It* A 


1.0 (1.U3) ^ i, 33 r+**^- 
0.33 U * 33 


v » _ 0 .U 6 (1.U3) 

1 -M *•* 


0.51U ft' 


The largest plate spacing used in this program was S ■ 0.50 inches, 
which is the limiting value of x in the temperature solutions. I', then 


follows that 


J x *^ Ji L J * $ (0.1805) 2 , (o.i8o5) 3 

c -c < c =1 + 0.1605 +“ — “37 — + * 

e iL s e‘‘ s - x . 0 .o 2 u. . m 2 . . 

These simple calculations show that only the first two terms of the 
infinite series are significant for porous plate boiler analysis when 
the fluid is water and is less than 0.50 inches. By ignoring higher 
order terms of negligible magnitude the temperature solutions reduce to 
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The temerature distributions are then linear for all practical 
purposes ar.c energy transfer by convection can be ignored. These 
approximation- are quits reasonable for most exorndable 'aids since 
the oiate soacing used in proposed flight units is 0.075 inches. 


An analysis of the sublimation mechanism for conduction heat "transfer 
alone is presented in section 7.1* The analysis considering both con- 
vected and conducted energy transfer will be completed here. 


A heat balance of the liquid layer gives 

$ 


^ ^ 5T 


or using equatio- 




\+ i-T,) - \(T.- 



where ?-, is the entering liquid temperature. 


A heat balance of the solid or ice layer givee 

L ui, , uJ\. r ~f ~ ui. C-T - ife 

K ^ + /A v '.: ^ ^ V *i TTl 
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A heat balance at the _uquic-soiic interface give: 


r f V 
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s cf * • 1 i Ui, fi — ~r. ; 
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equations ;7)> <^} , ar.c \9 j can nov be combined to obtain a solution 
for the suhlinai'on mechanise performance. Substituting equations (7) 
anc (6) into equation (9) gives an e:cpression for the coolant flux in 
teres of the dasirec incut heat flux and operating teeners tures. 


y, Va 

A ‘ 110) 

Equation (8a) can be solved directly for the liquid layer thickness 
in terms of the coolant flux, coolant properties, plate spacing; <S , 
and operating temperatures. 


- _L i!-i LK- c ^ T r T Jj^A 

X ^ n \ r. _ (-T -r ) jliy + 

a ‘ (lK w '*a 


't--U y i ^ (ii) 


Finally s the perfomar.es for this -^cuanisr. can be obtained from 
equation ( i a j as 


t.-t; = 


V- , 

e - i 


c - s ! uj p ! t-T'\ 
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Knowing the vapor nressiire croo characteristics of a porous plate in 
crier to obtain the sublimation tenperatunss ; Tg, cne can predict the 
sublimation rechaniss performance of this plate by successively solving 
equations (10), (11) and (12). However, this procedure is considerably 
snore complicated than the solution presentee in section 7.1 which ignores 
the small effects of energy transfer by convection and the codling 
required to reduce the supnly coolant to the fusion temperature. 
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SYMBOLS 


{surface or face area 
circumference or specific heat 
glycol specific heat 
hydraulic diameter 
fir.s per inch 
mass velocity ' 
gravitational constant 
fin height 

heat convection coefficient 
heat of fusion 
heat of sublimation 
ice layer thickness 
constant 

thermal conductivity. 

liquid layer thickness or fin length 

flow length 

Nusselt Number 

Porosity 

pressure 

heat flux 

gas constant 

flow resistance 

Reynolds Nua her 

temperature 

porous plate thickness 
fin thickness 
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SYMBOLS (Continued) 


equivalent thermal conductance 
fin width 
flow rate 

distance measured from reference 

effectiveness 

water passage spacing 

fin efficiency 

overall fin efficiency 

molecular mean free path 

dynamic viscosity 


SUBSCRIPTS: 


e 

eg 

ew 

f 

o 

0 

Ki 

go 

1 

JL 

IP 

« 

0 

P °r PP 
s 

ss 

ts 

w 

1 

2 


evaporation 

effective glycol aide parameter 
effective water aide parameter 

fin 

glycol 

glycol inlet 

glycol outlet 

ice 

liquid 

log mean 

metal 

heated plate or surface 

porous plate 

sublimation 

secondary surface 

total surface 

water 

inlet 

outlet 
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